A high-resolution cw spectrometer based on difference frequency generation (DFG) in a 20-mm-long AgGaS 2 crystal pumped by two stabilized single-frequency cw dye-Ti:sapphire lasers is described. Experiments performed with a Rhodamine 6G and DCM dye laser combination pumped by a 20-W argon laser are reported. Infrared radiation is generated from 7 to 9 Atm with an ultranarrow linewidth (<0.5 MHz) and an output power of 1 W by making use of 90° type I phase matching. The performance of the DFG laser spectrometer is evaluated by using a portion of the v2 band of NH3 near 1177 cm-'.
INTRODUCTION
High-resolution laser spectroscopy in the infrared region requires a tunable coherent cw radiation that is capable of precise wavelength resolution, high spectral brightness, and good frequency and amplitude stability. A wavelength resolution of better than 1 MHz and a power greater than 1 ,uW are desirable for high sensitivity and time-resolved absorption spectroscopy. For wavelengths beyond -2 Am the only practical tunable laser sources are color-center lasers, ternary salt diode lasers, and sources based on difference frequency generation (DFG). The color-center lasers operate extremely well with singlefrequency power levels up to 100 mW but only in a limited spectral range from 1.1 to 3.5 m and at liquid-nitrogen temperatures. Diode lasers, on the other hand, can cover a wide wavelength range (from 2 to 30 m) based on the semiconductor composition, but the tuning range of any single diode is very small (-100 cm-'). Moreover, commercially available diode lasers that are currently available do not cover their nominal wavelength ranges continuously and also require low temperatures (<100 K). In addition, power and coverage tend to degrade on temperature cycling. Tunable infrared sources based on DFG require suitable nonlinear-optical materials and tunable pump sources of the appropriate wavelengths, such as dye or solid-state lasers.
Generation of tunable infrared radiation by DFG is reported by many groups, 3 but cw sources are reported less frequently. A cw pump source offers significantly smaller spectral linewidths than a pulsed source, better frequency stability, and continuous scan possibilities at the expense, however, of a lower conversion efficiency. Pine 4 described cw DFG for a spectrometer based on LiNbO 3 , covering the region from 2.2 to 4.2 m at a power level of 0.5 /LW with a resolution of 5 x 10-4 cm'1 and a scan precision of 2 x 10-3 cm-'. Recently two groups 5 ' 6 reported improved performance of such a laser spectrometer in terms of output power (-10 ,W) and linewidth (<10-4 cm'1). Using LiIO 3 , Wellegehausen et al. 7 obtained coherent infrared radiation from 2.3 to 4.6 gm at -0.5 ,uW. A combination of both crystals was used by Bawendi et al.' for high-resolution spectroscopy between 1.9 and 5.3 ,m.
The optical and physical properties of the nonlinearoptical material is critical to generation of cw infrared radiation by difference frequency mixing. The nonlinear crystal must be transparent in the infrared and visible at all three mixing frequencies. For achieving the highest possible output by avoiding walk-off effects, collinear 900 phase matching over the entire wavelength region used is desirable. Other important desidered characteristics are a high nonlinear coefficient, a large damage threshold, good chemical stability, and commercial availability.
Silver thiogallate (AgGaS 2 ) meets these requirements. It exhibits low optical absorption from 0.5 to 12 ,m (typically -0.04 cm-', except near the ends of this wavelength range) and is 900 phase matchable from 2 to 10 Am. 9 The nonlinear polarizability of AgGaS 2 was first investigated by Chemla et al. ' and Boyd et al." ; its nonlinear coefficient was found to be four times larger than that of LiNbO 3 . However, to date the only mixing experiments using that crystal have been carried out with pulsed dye lasers employing non-90' phase matching. For instance, Hanna et achieved tuning ranges from 3.9 to 9.4 ,.m and from 3.4 to 7 Am, respectively. Pulsed operation of an optical parametric oscillator based on AgGaS 2 was also reported.' 6 The current availability of AgGaS 2 crystals of high optical quality in large dimensions (>45 mm), along with stabilized cw tunable dye-Ti:sapphire sources, now makes it possible to design an infrared coherent radiation source, suitable for high-resolution spectroscopy, that is tunable from 3 to 9 ,m at the 10-AW power level.
Results of a 90° phase-matching calculation carried out for AgGaS 2 with the refractive-index data given in Ref. are shown in Fig. 1 . It can be seen that infrared radiation can be generated from 3 to 9 m provided that the input beams are tuned from 580 to 800 nm (pump) and from 620 to 1100 nm (signal). This tuning can be achieved by using two dyes, Rhodamine 6G and DCM plus a Ti:sapphire laser for the pump and the signal beams. An analysis was performed in order to estimate the cw infrared DFG output power based on Refs. 17 and 18 with Gaussian input beams and a lossless crystal assumed. In this case the DFG power can be expressed as
where the subscripts p, s, and i refer to the pump, signal, and infrared beams, respectively, k is the wave vector, deff the effective nonlinear coefficient, I the crystal length, and n the refractive index; u is the ratio of the input wave vectors ( = k/kp) and, is the ratio of the crystal length to the confocal parameter (assumed to be equal for both input beams). The dependence of the focusing function h(,u, 4) on 4 is depicted in Fig. 2 for three different values of . The maximum dependence corresponds to optimum focusing. For the case of a 2-cm-long AgGaS 2 crystal pumped by two equal-power beams of 1 W total power and focused optimally, an infrared power larger than 50 ,W over most of the spectral range ( Fig. 3 ) is predicted. It is worth noting that the output power is proportional to the crystal length, and higher power levels can be achieved by increasing this dimension. Increasing the crystal length also increases the diameter of the beam waist of the pump lens proportionally, permitting the use of higher pump powers without crystal damage.
SPECTROMETER DESCRIPTION
A schematic of the DFG spectrometer system is shown in Fig. 4 . A 20-W argon-ion laser is used to pump both a computer-controlled, frequency-stabilized, tunable Coherent 899-29 ring dye-Ti:sapphire laser and a Coherent 699-21 dye laser. A beam splitter is employed to separate the all-lines Ar+ pump beam into two beams of equal power. In order to prevent degradation of the pump beam quality because of interference effects of the beam splitter, the beam splitter is wedged. The range of wavelengths covered by the two tunable lasers extends from 580 to 1100 nm and from 580 to 900 nm, respectively, with a single-frequency output power higher than 0.5 W when they are pumped with a 6-W all-lines argon laser beam. Even higher pump powers can be used effectively if the dye flow is cooled below room temperature. Each ring laser operates stably in a single mode selected by a three-plate birefringent filter and two intracavity talons. The output frequency of each laser is actively stabilized to 0.5 MHz by feedback locking to an external reference cavity. The 899-29 ring laser also possesses a built-in The solid curve corresponds to the calculated curve.
wavelength meter whose accuracy is 200 MHz. In scans the 2 absorption spectrum is simultaneously acquired, providing accurate frequency calibration. The 699-21 wavelength determination is currently performed by means of a monochromator in conjunction with optogalvanic observation of atomic reference lines, a system that is to be replaced by a Michelson wavemeter with an accuracy of -500 MHz (Ref. 19 ) and with an exact frequency setting to be determined by short scans over the I2 absorption spectrum. The two tunable laser beams both emerge from their laser heads vertically polarized but must be perpendicularly polarized, so one beam is polarization rotated to the horizontal, and then the two laser beams are recombined by an antireflection-(AR) coated prism. Good spatial overlap of the two dye laser beams was accomplished by rotation of the prism mount. Collinearity was verified at various locations on the beam path with a high-resolution CCD camera. For spectroscopic scans near 8 Am the merged beams are chopped and focused by a 25-cm-focal-length lens into a 2-cm-long 90'-cut AgGaS 2 crystal. The crystal was placed in an oven (Chromatix Model 400) capable of temperatures up to 450'C with a short-term drift of ±0.03 0 C and a stability of ±0.1 0 C/day. The nonlinear-optical response of the crystal generates a polarization, and thus an electromagnetic field, oscillating at a frequency that is the difference between the two input frequencies. The infrared output power is maximized by phase matching the wave vectors of the three beams throughout the length of the crystal by means of type I 90° phase matching (the shortest wavelength is the extraordinary wave, whereas the other two wavelengths are ordinary waves). The beams leaving the crystal pass through a germanium filter (AR coated for the 7-9-gtm range in the initial experiments), which transmits the infrared beam while blocking the visible beams. In order to avoid burning the output coating of the crystal with the reflected visible radiation, the germanium filter is slightly tilted. The divergent infrared beam is then recollimated or focused by means of a 10-cm-focal-length BaF 2 lens. The absorption spectrum is recorded with two balanced HgCdTe detectors, one of which provides a reference.
The 4 mm x 4 mm x 20 mm AgGaS 2 crystal was AR coated for the 600-900-nm range on its input side and for the 3.8-9.1-Am range on its output side. Its optical absorption was investigated by a calorimetric method, and an absorption coefficient of -4% cm-' at 600 and 650 nm was measured. From transmission measurements performed with a Fourier transform infrared spectrophotometer, an absorption coefficient of <4% cm-' was deduced in the infrared region between 4 and 8.5 Am.
EXPERIMENTAL RESULTS
Initial experiments were performed using the dyes Rhodamine 6G for the 899-29 laser (580-610 nm) and DCM for the 699-21 laser (620-680 nm), generating cw infrared radiation from 7 to 9 Am. In Fig. 5 the resulting experimental phase-matching points at room temperature are compared with the theoretical 900 phase-matching curves based on the refractive-index data of Fan et al. 6 for the high-frequency pump laser. The difference seen between experiment and theory is explained in part by the limited accuracy of the wavelength calibration of the 699-21 dye laser, which at present depends on a monochromator (±0.15 nm). Slight variations in the refractive index from crystal to crystal may also play a role in causing these differences.
The measured DFG power is shown in Fig. 6 as a function of the generated wavelength, along with the visible-toinfrared conversion efficiency relative to the theoretically calculated value. The infrared output power was deduced from the sensitivity of two different HgCdTe detectors and compared with a calibrated power meter. The observed power of -1 W seems low in comparison with the powers of Fig. 3 . However, the dye laser powers used here are much lower than those employed in the calculations of Fig. 3 because of laser damage to the output coating. The output side of the nonlinear crystal was AR coated for maximum transmission in the infrared spectrum. The damage threshold of this infrared coating was determined to be -3 kW/cm 2 at -600 nm, requiring that the total input pump power be set at <300-mW power. This setting reduces the expected power by slightly more than an order of magnitude compared with Fig. 3 [but the observed power is still only -1/8 of that expected from Eq. (1)].
With an uncoated crystal this coating-damage limitation can be avoided. For a crystal without the output coating and a total input power of 1 W the extrapolated DFG power that would be generated is at the 10-AW level, even with 1/8 the expected conversion efficiency, despite a 2.0 - V2 band of NH 3 near 1177 cm-' was chosen for a study of ndence of the output power on the pump wavelength the performance characteristics of the DFG laser speco its phase-matching value at 598.28 nm. The sigtrometer. The Coherent Autoscan computer system and h is fixed at 634.0 nm.
software of the 899-29 laser makes it possible to scan continuously over a range of 30 GHz (1 cm-') in steps as on loss of infrared radiation at the output sursmall as 0.5 MHz. Data-acquisition software permits high powers are likely to damage the input AR monitoring of the signal and reference infrared detectors [ it now seems best to use a totally uncoated simultaneously as the laser frequency is scanned. With accept the reflection losses at each surface in this capability the 899-29 dye laser wavelength can be all the dye laser power available.
finely tuned over a maximum range of 30 GHz with the I conversion efficiency is -12% of the theoreti-699-21 dye laser frequency and a fixed crystal tempera-)e seen from Fig. 6 . An explanation of part of ture, producing a high-resolution molecular absorption Lncy is that the spectral beam modes differ spectrum with relative convenience and speed. a an ideal TEMoo mode. Optical absorption A 30-cm-long absorption cell with two BaF 2 windows aS 2 crystal is not taken into account in the was filled with 1 Torr of NH 3 . Figure 8 shows a portion lation, but this effect should account for less of the 2 band of the NH 3 spectrum obtained with the the discrepancy. A wide range of d 36 nonlin-899-29 laser centered at 590.34 nm, the 699-21 laser fixed nts from 9 to 57 pm/V from measurements at at 634.0 nm, and the oven temperature set at 63.5°C. 'elengths have been reported. 5 is chosen, there is good agreement between the predicted and the observed infrared DFG power.
The AgGaS 2 crystal phase-matching bandwidth was also investigated. With the wavelength of the 699-21 dye laser fixed at 634.0 nm, the wavelength of the other pump source was tuned in steps of 0.003 nm (-3 GHz) around a central value of 589.20 nm. The phase-matching bandwidth was measured to be 0.03 nm (1 cm-' or -30 GHz) from the plot shown in Fig. 7 . Thus continuous frequency scans of 1 cm-' (30 GHz) can be achieved by tuning only one input wavelength without enormous loss of infrared power. Furthermore, it has been demonstrated that the effect of temperature on phase-matching characteristics in AgGaS 2 is small but significant. 2 0 From these data it is estimated than an increase of 1 cm-' of the DFG frequency is obtained by decreasing the temperature by -2.5 0 C while keeping the signal frequency constant. Thus the use of controlled-temperature phase matching leads to a significant increase in the wavelength scan range capability of up to several tens of inverse centimeters with reasonable crystal temperatures (<150'C). 
As is described above, temperature phase matching can be used to increase the range of the wavelength scan. From an initial temperature of 80'C, the crystal temperature was decreased by -1.6C at the end of each 20-GHz scan, which allowed synchronous tracking of the phasematching conditions for the next 20-GHz scan. Figure 9 shows such a long frequency scan of the absorption spectrum of NH 3 between 1170 and 1180 cm-'. The periodic undulation of the absorption signals in Figs. 8 and 9 is due to an 6talon effect resulting from parallel faces of the AgGaS 2 crystal. This effect can be eliminated by using a wedged (say, -1°) crystal output face.
CONCLUSION
We describe a cw infrared spectrometer that is continuously tunable from 3 to 9 ,m, which is suitable for highresolution spectroscopy based on difference frequency mixing of two frequency-stabilized dye lasers and a computer-controlled dye-Ti:sapphire ring laser to generate difference frequency radiation in an AgGaS 2 crystal. Initial experiments have demonstrated a tuning range from 7 to 9 /m with power higher than 1 /W. Based on spectral characteristics of the input sources, the infrared radiation linewidth is of the order of 0.5 MHz or less, with low jitter and drift. Continuous scans of 1 cm-' have been achieved over absorption lines of NH 3 . The system shows considerable promise as a computer-controlled infrared spectrometer with good sensitivity, wavelength tunability, and resolution.
Potential improvements lie in increasing the generated infrared power and in the measurement and control of the wavelength-calibration accuracy. More intense pumping of the AgGaS 2 crystal, up to 1 W of total power, combined with a longer crystal should result in DFG power well in excess of 10 /W. The convenience of setting the fixed laser is limited by the use of a low-resolution mono- 
